Intra-protein residual vicinities depend on the involved amino acids. Energetically favorable vicinities (or interactions) have been preserved, while unfavorable vicinities have been eliminated during evolution. We describe, statistically, the interactions between amino acids using resolved protein structures. Based on the frequency of amino acid interactions, we have devised an amino acid substitution model that implements the following idea: amino acids that have similar neighbors in the protein tertiary structure can replace each other, while substitution is more difficult between amino acids that prefer different spatial neighbors. Using known tertiary structures for α-helical membrane (HM) proteins, we build evolutionary substitution matrices. We constructed maximum likelihood phylogenies using our amino acid substitution matrices and compared them to widely-used methods.
Introduction

1
Structure and functionality of a protein are closely related (Worth et al., 2009 ). Its amino acid sequence neutral, whereas some structural transition may involve negative or positive selection. In the latter case, 
49
In the context of folding, the thermodynamic stability of the proteins with a stable unique tertiary 50 structure is important. Thermodynamic stability is maintained throughout evolution despite the desta-51 bilizing effect of the non-synonymous mutations, which are often removed from the populations as a 52 result of negative selection. The protein structure is important because it acts as a scaffold for properly 53 orientating functional residues, such as a binding interface and a catalytic residue. As a result, the selec- Choi and Kim (Choi and Kim, 2006) , based on the most common structural ancestor (CSA), showed 58 that not all present-day proteins evolved from one single set of proteins in the last common ancestral 59 organism, but new common ancestral protein were born at different evolutionary times. These proteins 60 are not traceable to one or two ancestral proteins, but they follow the rules of the "multiple birth model" 61 for the evolution of protein sequence families (Choi and Kim, 2006) .
62
In this study we used the scoring matrices that are obtained from PrInS algorithm to examine the evo-63 lution of proteins and we focused on the evolution of α-helical membrane proteins. The main hypothesis 64 is that protein evolution is related to the three dimensional neighborhoods of amino acids. Specifically, amino acid residues is l, then residues 1 ≤ k, m ≤ l interact if and only if: their C α atoms is less than 6.5Å and they are not located on adjacent positions on the amino acid chain.
82
Defining the environment of each amino acid that the residue-contact-based environment description of residue interaction is more accurate for the 90 α-helical proteins they studied. Thus, every amino acid residue P i in protein P can be assigned to the 
101
(1 ≤ Q ≤ 3), respectively, is given by:
.
103
The coordinates i and j are given by i = 20(K − 1) + A and j = 20(Q − 1) + B, respectively.
104
The parameter g = 2 if the contacting pair comprises different amino acids in the same environment
105
(A = B, K = Q), and g = 1, otherwise. S A and S B are the total number of amino acids A and B in 106 the dataset, respectively. S is the total number of amino acids in the dataset and E K,Q equals to the S1a, S1c and S1d). Two amino acids that have similar neighborhoods, i.e. similar amino acid neighbors 123 in the tertiary structure will, thus, have a small distance (high similarity) between them. Consequently,
124
according to our hypothesis, they will substitute each other during evolution at a higher rate.
125
Substitution rate matrix
126
Each of the four distance matrices were transformed into rate matrices D r by using a similar procedure 127 as in Dayhoff et al. (1978) . In particular, the following procedure was followed: 
Results
165
Evaluation of PrInS Ability to Predict Amino Acid Substitutions
166
The substitution matrix counts the amino acid substitutions that occurred in the 224 downloaded multiple 167 alignments using the two most frequent amino acid residues at each alignment site. For each amino acid in substitution matrix that was created using alignments of multiple protein families.
203
(a) 
Pairwise comparison of proteins in different species
204
Using the Euclidean-based distance matrix, we scored the differences of each protein sequence to its human confidence intervals). In other words, the more frequent a substitution is in the alignments, the higher 256 the difference of likelihoods, favoring the BLOSUM62 versus the nEs.
257
The heatmap in Figure 6 shows all amino acid pairs and the likelihood differences between the BLO- with an 'o' illustrate pairs where no site with this pair of amino acids was found in any of the alignments.
262
The greatest value for a '-' cell is represented for the 'Arginine-Glycine' pair. This means that the nEs The average likelihood difference between the BLOSUM62-based and the Euclidean-based approaches that have been used to calculate likelihoods. As the figure indicates, for the majority of amino acid pairs the likelihood difference is close to 0, i.e., both the Euclidean-based calculations and the BLOSUM62-based calculations result in similar outcomes. Positive values are fewer than negative values (see text), however the magnitude is much greater for positive values than for negative, indicating that BLOSUM62 results in much greater likelihoods than the Euclidean-based approach. Furthermore, as the occurence frequency of the amino acid increases the difference of the likelihood increases as well, suggesting that BLOSUM62 outperforms the Euclidean-based approach for the amino acid pairs that occur frequently, either within the same protein or in different proteins. acids i and j, is defined as:
where c is the composition, p the polarity and v the molecular volume. The three components of the 271 distance (c, p, v) are not independent. Thus, the constants α, β, γ serve as normalizing factors and they properties not shared between two amino acids.
279
The amino acid neighborhood-based distance is correlated with both the Grantham's and Sneath's We studied the spatial properties of amino acid substitutions. We investigated if amino acid substitu-284 tions can be predicted from their neighborhood tertiary structure. We described statistically the amino 285 acid residual neighborhoods using the software PrInS. Then, we converted PrInS output files to amino 286 acid distance matrices and substitution rate matrices and evaluated their ability to model evolutionary 287 changes.
288
Correlation analysis between the observed substitution frequencies (from multiple sequence align-289 ments) and the distance matrices indicated that residual neighborhoods capture evolutionary information 290 and thus they can be useful in modeling evolution. In other words, substitutions in multiple sequence created from alignments from multiple protein families. Thus, a plausible explanation is that the amino 310 acid neighborhood approach we followed cannot capture adequately well substitutions of certain amino 311 acids. Another plausible explanation is that we followed a linear approach to convert the amino acid distances and the substitution rates will perhaps result in more accurate substitution rates. is presumably related to the substitution frequency between them).
323
The neighborhood distance matrices are highly correlated with the Grantham's and Sneath's dis-324 tance matrices, illustrating that the formation of amino acid neighborhoods is determined by structural 325 constraints. Grantham Grantham (1974) demonstrated that amino acid substitution is related to their 326 structural properties. Thus, a plausible explanation of the amino acid substitution prediction ability of 327 nEd approach is that neighborhood properties are defined by the structural properties of amino acids 328 which also affect the substitutions between amino acids. 
